INTRODUCTION
The precipitation of magnetospheric electrons by gyroresonant interactions with electromagnetic waves from ground-based VLF transmitters has been a topic of growing interest for almost a decade. Vampola [1977a] presented observations of L-dependent precipitating energetic electrons (Ee>100 keV) in the slot region of the magnetosphere which were correlated in longitude with the location of powerful ground-based VLF transmitters. In an L-dependent precipitation event, the higher energy electrons precipitate at lower L in an energy vs L relationship that can be shown to be consistent with a single resonant wave frequency. Vampola and Kuck [1978] used observations of inner-zone electrons in the drift loss cone with a trace-back technique to locate the actual transmitters which were causing the precipitation. Koons et al [1981] used structures in the inner-zone drift loss cone electron distributions and synoptic VLF data to correlate electron precipitation events with specific transmission sequences from the VLF transmitters UMS and NWC. Imhof et al [1983] correlated observations of precipitating electrons in the bounce loss cone of the outer edge of the inner zone with transmitting patterns from a ground-based VLF transmitter. Vampola [1983] used satellite observations of the depletion of electron fluxes transported across the slot region during a magnetic storm to determine the lifetime of inner-zone electrons against precipitation by VLF transmissions in order to determine the relative importance of VLF transmissions on the morphology of magnetospheric electrons. He concluded that the location and shape of the outer edge of the inner zone are controlled by ground-based VLF transmissions. Vampola [1987] used high-resolution pitch angle measurements of precipitating electrons in the slot region to determine the precipitaticn pattern around a VLF transmitter and made resonance calculations which indicated the interaction region for slot precipitation was well away from the equator.
While it is now generally accepted that man-made waves are -.. instrumental in precipitating electrons at the outer edge of the inner zone, there has been much less acceptance of ground-based VLF transmitters being a significant factor in the precipitation of electrons in the slot region. Precipitation of electrons in , .the outer zone has not been associated previously with these around-based VLF transmitters.
\p.
In surveys made by one of us (ALV) of large magnetospheric electron data bases obtained by a number of electron spectrometers flown on various satellites, a recurrent observation has been that electron precipitation occurs in "events" rather than in a slow diffusion process, especially in the slot region. Vampola and Gorney [1983] made a statistical study of energy deposition in the middle atmosphere by precipitating electrons and observed that for even as high as L=4 the hemispheric pattern of precipitation was that which would occur if electron scattering from stable drift orbits into the loss cone were primarily large angle scattering rather than a slow pitch angle diffusion. While it is known that non-resonant mechanisms precipitate electrons at times (e.g., electrostatic wave structures at the outer edge of the outer zone [Koons et al, 1972) ), it is appropriate to question whether VLF transmitters are also instrumental in precipitating electrons in the outer zone. In this paper, we will show that VLF transmitters may, in fact, precipitate large numbers of electrons in the outer zone.
OBSERVATIONS
The data presented in this study were obtained on 28 July 1976 by a magnetic-focusing electron spectrometer on the USAF Space Test Program satellite S3-3 while the satellite was below the stable trapping region of the magnetosphere. That is, any electrons mirroring at or below the altitude of the satellite had had their pitch-angles lowered at some location during the time they drifted from approximately 300 east longitude (EL) to the * location of the satellite at approximately 1200 EL. West of 300 EL, the mirror altitudes would have been at or below 100 km, the nominal atmospheric absorption altitude. The spectrometer consisted of two separate analyzing chambers, one covering the energy range 12 keV to 162 keV in five differential energy channels and another covering the range 235 keY to 1630 keV in seven differential energy channels. The above energies refer to the centroid of the energy response for a "flat" (energy-independent) * spectrum. The lower energy unit had a collimator with a 2 0 x5o half-angle response, the other had a 5ox5o half-angle collimator. Geometric-energy factors for the lower energy chamber were several orders of magnitude smaller than those of the higher energy chamber. The direction of scan (using the spin-stabilized spacecraft as a scanning platform) was across the 20 direction (in the plane of the instrument). The combination of spin rate, nominally 3 RPM, and read-out of accumulators, 16 times per second, provided pitch-angle measurements at about 1.10 intervals. For this study, dat a from the 108, 162, 235, 433, 654, and 880 key chan--nes cnly are used. The data from the 12, 33, and 70 keY channels were not used because the 70 keV detector was noisy and electrons of 12 and 33 keY may be present on the drift shell due to acceleration of ionospheric electrons up field lines by electrostatic * potentials.
The event which is utilized in this study was characterized by precipitation peaks in the inner zone, the slot, and the outer zone. Events of this type are frequently seen whenever the satel-.
lite is in the drift loss cone of the longitudes associated with the transmitter UMS. In this study, 7% of the orbits examined had such combinations of slot and outer zone precipitation structures. Since many of the orbits examined did not include measurements in the drift loss cone, the actual incidence of such precipitations is higher. The specific event selected for analysis in this study was selected on the basis of: a) there being a statistically significant intensity in all three precipitation peaks in a single channel (required for determining the longitude of 1*.
N9
0.e oriain) • b) the observation of flux in two or more channels for each of the peaks (needed for a drift-rate analysis comparison with the transmission schedule of the transmitter) ; and c) the availability of the transmission schedule of the suspected transmitter for the time of the precipitation.
The precipitation event selected included measurable flux in channels up to the 880 keY channel, but the 235 keV channel had much higher counts due to the facts that the flux intensity decreased sharply with energy above 235 keY and that the lower energy chamber had geometric-energy factors much smaller than the -:.
higher energy chamber. Since accurate pitch angle determinations are required for the type of analysis which is used here, the 235 keV channel has been selected for primary presentation and analysis. The other channels are used to establish that precipitation features discussed here were L-dependent precipitation events and, because drift rates are strongly dependent on electron energy, for detailed comparison with the transmitting sequences of the presumed transmitter. In these events, the 235 keY channel typically had count-rates one to two orders of magnitude greater than any of the other channels. The absolute upper and lower lim-0
:ts of response of that channel are 320 keY and 158 keV, respectively, with 20% of the response being above 265 keY and 20% being below 200 keV, both figures referring to a "flat"spectrum.
-ne gecmetric-energy factor for the 235 keV channel for a "flat" *" . spectrum is 6.54 cm -ster-keV.
The counts/0.0625 sec from the 108 keV through 654 keV channels, ccnverted to flux units using the "flat" spectrum geometric-energy factors, are shown in Fig. 1 . A table at the bottom of the figure lists the geographic and geomagnetic coordinates of the satellite during the time the data were being obtained. The data have not been corrected for background effects. The dashed lines in the figure are the fluxes measured at the same L values at higher altitudes (between 3600 km and 7000 km, the higher value at higher L) in the opposite hemisphere and are included for comparative purposes.
Note that the data of Fig. 1 cover inner zone, slot and outer zone regions, all in the drift loss cone. Any electrons ob-• .served are only quasi-trapped, have been scattered down the field line somewhere between 300 EL and their present longitude, and will be lost into the atmosphere prior to or near the South Atlantic Anomaly. The numbers 3 through 5 in the 235 keY panel refer to the locations at which data were obtained for presentation 4. •13-- " Figure 1 . Electron fluxes from the S3-3 108 through 654 KeV channels obtained on 28 July 1976 while the satellite was below the stable trapping region of the magnetosphere. All electrons observed during this pass will be lost into the atmosphere before completing one drift orbit. ".,-~.
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A Fiaure 2 is a plot of the location in L of the peak precipitaton observed in the inner zone in the 108, 162, 235, and 433 ke%' channels and in the slot at 108, 162, 235, 433, and 654 key plotted at their nominal energies. The bars indicate the total energy span of each channel. The solid line is a calculation of -the nominal equatorial resonant energy vs L for a wave of frequency 17.1 kHz (the UMS frequency) with a wave-normal angle of 600, a base density of 9200/cm 3 , and using a simple exponential decrease of electron density with altitude in a dipole field. The wave-normal angle was selected on the basis of a previous raytracing analysis in the inner zone for UMS [Koons et al, 1981] The base density was selected as being the best fit to the raytracing analysis for the 235 keV channel data which is presented later in the Resonance Calculations section. There is no question that both the inner-zone and slot precipitation are L-dependent. The fit to the inner-zone precipitation peaks is not exact because a relatively crude resonance calculation was performed for Fig. 2 and, for reasons which will become clear later in the discussion, the energy of the particles detected by a given channel may not be well represented by using the centroid of response of l tnat cnannel.
.The first peak, labeled "3" in Fig. 1 , is an L-dependent "rec:oroation of the type analyzed in detail by Koons et al -951_
Sufficient flux for L-determination was observed in the 1CS, 162, 235 and 433 keV channels, but due to the small geometric-energv factors of the lower channels only the 235 keV channel had a sufficient count-rate for pitch-angle determination with accuracy of the type required for use in a traceback-to-longit e-o f-origin technique [Luhmann and Vampola, 1977] . Analysis of ".-a are number of similar events by Vampola and Kuck [1978] indicated thot inner-zone precipitation with energies in excess of 40' keV is rare, so it is probably not significant that few electrons were observed at energies above the 235 keV channel.
The traceack-to-longitude-of-origin technique is applicable tc particles observed within the drift loss cone under the assumpoocn that the particle pitch angle distribution was produced b,; :nteracton with the atmosphere at the longitude of precipitation and has not been substantially modified during the time the particies have drifted from their longitude of precipitation to the longitude of observation. The procedure requires transforming . local pitch angle to equatorial pitch angle and then matching tno eqato rial pitch angle cutoff to the equatorial atmospheric -sS cone a .. e at some previous longitude, with the requirement thst no.. oterenono loncitude has an atmospheric loss cone angle Figure 3 presents the raw counts for one-half spin period of the satellite, normalized to the 85°-95o pitch angle average, plotted as a function of pitch angle for the data of peak 3 in Fig. 1 . The L-value of this data, 1.66, is similar to those of the events reported by Vampola and Kuck [1978] , Koons et al [1981] , and by Imhof et al [1981] in which electrons in this energy range were being precipitated in the inner zone by VLF transmitters. The smaller intensity in this peak compared to peaks 4 and 5 is probably a matter of instrumental response, for reasons to be discussed later, and should not be taken as an indication that fewer electrons were precipitated in the inner zone. The dashed lines show the response of the instrument to a distribution in which the flux is zero within the local atmospheric loss cone and isotropic beyond it. The observed particle pitch angle distribution is much narrower than the local loss cone, indicating that the pitch angle distribution is not determined by local conditions but rather by scattering and atmospheric cutoff conditions at some previous longitude (s) . The solid lines represent the instrument response to a distribution defined by isotropic precipitation at 450 EL, the western end of the UMS precipitation region [Koons et al, 1981) . The data are [ •fit quite well by the assumption of a 450 EL origin. For a better fit to the slope of the pitch angle distribution, one would have to take into account the entire longitudinal precipitation pattern that is contributing to the data points, as was done in Vampola [1987] . The magnetic field model used for tracing purposes for this and the other peaks was the DGRF 1975 [IAGA, 1981] , Epoch 1976, internal field model. No external field model was used. It can be concluded from the L-dependent nature of the precipitation, the fit of the L vs Energy dependency to the resonance calculation, and from the longitude of its origin that the flux in peak 3 was undoubtedly precipitated by the ground-based VLF transmitter UMS. The L-value of UMS varies from 1.73 to 1.77, dependino on whether 440 EL or 560 EL and whether 0 or 100 km al-* '
titude is used for the determination. Calculations presented in the Resonance Calculations section were performed with the UMS frequency, 17.1 kHz, and location, 440 EL, 46.2o N [Watt, 1967] .
Since the particles trace back to the western end of the UMS O precipitation region, it appears that the particles may be the tail end of a longitudinal distribution due to a discrete transmission period. When the transmitter turns off, precipitation stops and the entire longitudinal pattern of precipitation drifts eastward, with different drift rates for different energies and L-shells. (The drift rate is relatively insensitive to pitch angle for the small variations in pitch angle of concern here.) We shall address this topic again in the Analysis section. 
r-s r i'
.iure 4 is similar to Fig. 3 but is slot data at a higher L-value than the inner-zone precipitation. The L-value is similar to that of the observations of Imhof et al [1983] , but the energy % siCnificantly higher. The observations of Imhof et al [19831 wre at quite low energy and were the low energy extension (to higher L) of the inner-zone equatorial region electron precipitation by ground-based VLF transmitters (Vampola and Kuck [1978] ). The peak of Fig. 4 was again an L-dependent peak as can be seen from Fig. 2 , with strong fluxes (400 counts/sec) in the 235 keY channel, significant fluxes in the 433 key channel, and traces of flux in the 108, 162, 654 and 880 keV channels. The dashed lines are again as defined in Fig. 3 , but in Fig. 4 the solid lines represent the atmospheric loss cone at 560, the eastern end of the UMS precipitation region. These match the data points, giving an unambiguous fit to the eastern end of the UMS precipitation recion. Since the eastern end of the precipitation region has the smallest equatorial pitch angle cutoff, the simple comparison with pitch angle cutoffs being made here should always trace back to the easternmost longitude of the precipitation region that is currently represented in the drifting particles at the longitude * of the satellite . Figures 3 and 4 indicate that a single transmtter, UMS, was probably precipitating electrons simultaneously on b.i a n inner-zone field line and a slot field line. We will s ler, usno rift-rate analyses and the operating times of UMS, that t1nis was indeed the case.
Figxure 5 presents the L=4.48 data (peak 5 of Fig. 1 ) in a format similar to Fig. 3 . For this event, flux was observable in the 235, 433 and 654 keV channels. These particles were precipitated east of 30c EL within the previous 18 minutes (the time for electrons with this energy, pitch-angle, and L-shell to drift from 300 EL, the westernmost location on this drift shell which can be observed by the satellite at this altitude and longitude). Due to the broad region over which the 235 keV channel is detecting electrons, it is difficult to assign a single L-value for the peak. The match between the solid lines and the data points in Fi.
5 aoain indicates that the electrons trace back to the easte rn end of the UMS precipitation region and were precipitated in * the vicinity of UMS. For both the L=2.28 and L=z.48 precipitation events, the trace-back is accurate to within several degrees of longitude of the eastern end of the UMS precipitation region. Two dearees in pitch angle are equivalent to about one degree in lon-.. tue around 56' EL for this geometry. The fact that this pitch an!e distribution maps back to the location of UMS at a time Swhen UMS was precipitating electrons from the inner zone and from +'-1t e s'ot is indicative of these ou-er zone electrons being prec-p--ate, by CMI even though there is no obvious L-dependency. .'
ANALYSIS
Because of the highly surprising nature of the conclusion, above, that UMS was precipitating electrons from the outer zone, additional supportive evidence is necessary, even though the direct evidence is strong. Direct comparison of the transmitting schedule of UMS with the particle observations would be most helpful. If UMS were not operating, or if its operating schedule were not consistent with the particle observations, another explanation would have to be sought for the precipitations. Fortunately, the transmission sequence of UMS at the appropriate time is available for comparison with the drift rates of the electrons. One can calculate the drift rate for electrons of various energies on the various L-shells using the relationship [Schulz and Lanzerotti, 1974] :
where 02 is the drift frequency, y is the relativistic mass ratio of the electron, c is the velocity of light, a is the earth radius, L is in units of earth-radius, me is the mass of the electron, B o is the value of the earth's magnetic field at the surface of the earth at the equator, q is the charge on the electron, y is sin where a is the equatorial pitch angle, and D(y) and T(y) are given by: D(y) = 1/1 2 {5.5208-.4381y-.6397(y lny + y'/ 2 )} T (y) =1. 3802-. 31985 (y+y!" 2 ) By making use of the fact that electrons with various energies on a given L-shell drift with different rates, the data from 0.
each energy channel become a separate test of the validity of the assignment of UMS as the cause of the precipitation. Each operational period of UMS, precipitating all energies at the same time Sat the same longitudes, produces a series of longitudinallydrifting electron bunches characterized by a finite longitudinal length (determined by the length of time the transmitter is radiating and the longitudinal width of the interacting region) drifting with a rate that is energy dependent. At a given later time, different energies will be found at different longitudes, S.
.% witn the higher energy electrons being farther east since they dri -at a faster rate.
For the comparison with the UMS transmission schedule, data were extracted by Rayspan analysis from synoptic VLF recordings S-. made at the time the satellite data were obtained. The receiver consisted of a vertical loop antenna of 100 square meters area with the plane of the loop oriented at 700 east of north, feeding a preamplifier covering the frequency range from 0.5 to 30 kHz. The preamplifier output was telemetered 10 km to the University of Otago campus by UHF link for analog recording on magnetic tape. Timing information accurate to a few milliseconds was provided by NASA-36 timecode recorded on a separate track.
In order to ascertain when UMS was transmitting, dynamic spectra from this tape in the range from 10-20 kHz were recorded on film using a modernized Rayspan real-time spectrum analyzer. This gave a detection limit for signals arriving from the direction of UMS of about 60 microvolts per meter while the UMS transmission was determined to have a signal strength of about 200 mi-* crovolts per meter. This indicates a radiated power level of several hundred kW based on sub-ionospheric propagation calculations following Watt [1967] . This power level is in agreement with published figures (315 kW, Watt [1967] ) for UMS.
Using UMS transmission times from the Rayspan analysis and assgmina that all energies of electrons are precipitated by UMS at all L-values, Fig. 6 diagrams the electron energies, as a function of L, that should be observable by the S3-3 as it crosses the various L-shells in the pass plotted in Fig. 1 . The firstransmission, which ended at 12:59:07 UT, is diagramed with both a 560 and a 45o cutoff, since the data of Fig. 3 indicate the inner-zone particles were precipitated near 450. Electrons precipitated by the first transmission with energies above those given by the 450 line would have already drifted past the longitude of the satellite by the time the satellite arrived. Similarlv, electrons precipitated at 560 with energies above the line marked 560 would also have drifted past the longitude of the * satellite. For the second transmission, which began at 13:16:09 UT, electrons with energies below the line marked 560 would not yet have arrived at the longitude of the satellite. The vertical dashed lines marked 3, 4, and 5 indicate the L-values of the data of Figs. 3-5.
*
We will now compare the predictions of observable electron energies as a function of L in Fig. 6 with the actual observations. Figure 6 predicts that electrons with energies between about 120 keV and 155 keV precipitated at 560 EL by the first "--a t -s::cn an electro.. with energies above about 335 keV pre--"ciated by the second transmission should be observable at an L cf 1.66. Additionally, electrons with energies between 155 keV and 195 key precipitated at increasingly western longitudes to 452 should also be observable. Figure 1 shows that electrons are actually observed in the 108, 162, 235, and 433 keY channels. The 108 keV channel responds to particles with energies up to 118 kev and trails off to zero response at 121 keV. The 162 keV channel can respond to electrons with energies as low as 151 keV. Thus, electrons should be seen in the 108 and 162 keV channels, but with a very reduced intensity since the electron energies are near the limits of the response of the channels. This is what is seen. The 235 keV channel can respond to the 195 keV electrons precipitated by the first transmission, but again with very reduced intensity since the major response of that channel (80%) is above 200 keV. For the inner-zone event, the 235 keV channel traces back to 45-EL instead of 560 EL because electrons precip-"tated farther east which are in the major energy response of the cnannel have already drifted past the location of the satellite. The channel is even less sensitive to electrons with energies * sufficiently low to have been precipitated east of 45" and still be intercepted by the satellite.
]The sec n transmission might also have contributed to the resoonse of tne instrumrnt at L=1.66. The 235 keV channel has a very small response at energies up to 430 keV, with perhaps 1% of its tcta! resc:nse beina above 365 keV. The very slight response the 433 keY channel (which could respond only to electrons _recicitated -y the second transmission) and the lack of a res"cnse in the hicher energy channels is undoubtedly due to the -act tnat sicni fic ant numbers of electrons with energy above 400 ke'.' are not crecitated in the inner zone by UMS [Vampola and rKuck, I 3'. Cn the basis of the transmittinc schedule of UMS, .. electron drift times and inner-zone precipitation energy spectra, e....e.trns sho be seen in the 108, 162, 235, and possibly the 43 ke channe .
hat is precisely what is observed. The dr..ft-time analysi-s also properly explains the traceback to 451 EL for peak 3.
The slo c precipitaticn analysis is similar. For this event, trons were observa le in all channels un to the 654 keY channe.
Elct .n orecptated by the first transmission should be o-rvat : te ' a E 162 keY channels, whie electrons above 37 keV from the secc-d transmissicn should be seen in the other * .
hannels. The 235 keV channel has 20% of its response above 323 ,] .,[[]-V 30." and, wa u do e. an was measurino electrons an ' --300 keV, al-.h measure rintensity seems hi h for a channel whose mar resconse Is -, t-s energy.
The hicher energy channels were seeinh particles of appropriately higher energy which were recipi p.tated by the second transmission. The drift analysis based on the known transmission times and location again properly accounts for details of the particle observations. This analysis, together with the fact that UMS was currently precipitating inner-zone electrons, adds strong evidence to previous claims that ground-based VLF transmitters are responsible for significant precipitation in the slot [Vampola, 1977a; Vampola, 1987 ]. An important point to consider is that, unlike inner-zone VLF transmitter-induced precipitation, slot precipitation by ground-based VLF transmitters precipitates electrons with energies well above 400 keV.
Ground-based VLF transmitter precipitation of electrons from the inner zone is now generally acknowledged by the scientific community; slot precipitation produced by the same transmitters has received much less acceptance. Precipitation of outer zone electrons by these same transmitters has not been considered previously. If such a mechanism is operating, the implications of it to the morphology of the electron population of the magneto-* sphere, and our understanding thereof, are profound. Following the analyses used for the inner zone and slot observations, we can similarly analyze the outer zone precipitations seen in Fig. 1. Figure 6 shows that even the lowest energy electrons from the first transmission would have drifted past the longitude of the satellite prior to the arrival of the satellite at the longitude of observation. Only electrons with energies above 210 keV preci pitated by the second transmission would be observable by the satellite at the time and longitude of observation. Electrons were actually seen in the 235, 433, and 654 keV channels. A very -important point is that no electrons were observed in the 108 and 162 keV channels.
Electrostatic wave scattering [Koons et al, 19721 or magnetospheric hiss and chorus would not be energy selective and would, in fact, be expected to scatter low energy electrons more efficiently than high energy electrons. The high altitude measurements in the outer zone on the same orbit showed electrons with energies in the 108 and 162 keY channel range were present in significant numbers. In the drift loss cone, electrons are observed specifically in the 235, 433, and 654 keY channels not because only those energies are being precipitated, but because lower energy electrons from the first transmission had already drifted past the longitude of observation and those from * the second transmission have not yet had time to drift to the longitude of observation.
We have, in this event, very significant precipitation of energetic electrons in the outer zone which is completely accounted for .n every detail by using, as its source, precipitation over UMS while UMS was transmitting. Conversely, the energy spectrum of the precipitation is unlike that which would be pro--duced by any other known source. The observation was obtained in close association with observations of precipitation by that same transmitter in the inner zone and in the slot. This and the agreement between the transmission schedule and the drift-rate analysis, we believe, unambiguously identifies this outer zone precipitation as being caused by UMS and establishes a previously unknown phenomenon: precipitation of energetic outer zone electrons by ground-based VLF transmitters. Additional support for the conclusion that UMS produces energetic electron precipitation in the outer zone can be gained from resonance calculations.
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:.,4 5-. • 7n addition to establishing that resonante can ccur between whistler-mode VLF waves with the frequency cf UMS and avrating electrons of the energy observea in this study, another rationale elecron ofI _d aohrrain for performing resonance calculations is the determination of the probable locato'on on the field line for the gyroresonant interaction. A number of investigations of wave-particle interactions in the magnetosphere have been made previously with various assumptions. For instance, Helliwell et al [1975] assumed interactions w.tn ducted waves in the equatorial region because such conditions allowed a more tractable calculation. Inan et a! [1978' si ted interact ions between coherent waves and low energy electrons and found that the interaction is linear when the wave .noensity is low compared to the transverse energy of the particle (3 P for I keV electrons at 100 pitch-angle) or for interactons away from the equator where the inhomogeneity of the medium c~rinates. Kocns et a! [1981] utilized wave-tracing cf non-ducted wave propagaton to an inner-zone interaction region near the eouator in comparisons with L-dependent energetic electron pre-S-z.Ic-atons. Vampola K977a] hypothesized wave-particle interac-".tltns in --he slot reaion much lower on the field line but did not Srnt detailed calculations.
s ls of calculatons have been consistent with observa-...... K:ns et al ... calculated that a field intensity of 3 --wa=s sffi--cent to produce the scattering the, observe_e, while tn.. coat zr of electron interaction with coherent waves re-.nar et a-"!983] indicated that detectable electron scatterinI
should -e accomplished with as little as 1 pT. They S .... e :W, a few keV, electrons and assumed ducting. %0n et a-7 -j reported in-situ measurements near the equator f ... to .c levels from the Siple transmitter before magne-, t oheric a Ztlif..ation and also reported observation of an amti'fiez wave prior to its first passage through the equatorial rec+,:C indicatina Zha wave-particle interactions could occur wei" awa' fr = the eouator. because the ionoschere is a magnetized plasma, its propertes are aniscorcPo .
or radio waves reflecting off of it cr crocrastino throuch it. Furthermore, it is generally highly attenuat :n.
As a result, realistic calculations of wave propagahave no been made in analytic form. Instead, ray-tracina techniqes are used. The advantage of ray-tracing is that one can describe the propagation medium in either continuous or discrete f-r7 ani rake relatively good predictions of the resultant wave ropa ton vetoCr and a77plitude without resorting to ducts. Con-s have shown wave propagation between mid-latitude po .
. D2co: is usually' given as the explanation. p-roaati requires that an otherwise reflecting ionos..efciently transparent to waves for significant en-_rg]" tc iCk thro':h to the duct. he e..etrv of the calculation of resonance between whistler-mode waves and energetic electrons is as follows: VLF waves from a ground-based transmitter in the northern hemisphere, propagating upward and southward in an unducted mode, interact witn energetic electrons travelling northward and downward along the local magnetic guiding center. Some of the electrons interact gyvrresonantly with the waves, giving up some of their transverse enemyv. In the potential well of the wave, some transverse energy is a-so converted to parallel energy . The wave is a7-lofied and the local pitch angle of the particle is recducec. if sufficient energy transfer occurs or if sufficient erergy Is lost, the pitch angle may be reduced sufficiently to "ower the partile's mirror altitude to below the atmospheric cutoff ( kmi). Particles with lowered pitch angles which escape -Ieinz _:s-s into the atmosphere at the longitoude of the transmitterc rofeastward where they may be observed by the S3-3 instrun J are ultimatelv lost into the atmosphere at a longitude .... r. the eart.' s field at 100 km or below is weaker than the .. rror for the particle.
ne resonance condition for an unducted whistler-mode wave f frezue:.oy o ant wave normal 8 interacting with a relativistic ee-otrw-tn a 1oal pitch angle (x is given by wn--e-re is the plasma frequency, squared, and is given by
where N e is the local plasma density, qe is the electron charge, and m; is the rest mass of the electrons/ions making up the plasma. In a realistic plasmaspheric model, a combination of protons and singly-ionized oxygen ions is usually used and an appropriately weight.:d mass is used for computing the plasma frequency. Figure 7 shows the resonant energy as a function of altitude for first order resonance with unducted waves for the three regions of precipitation discussed in this study. The frequency was selected to correspond to that of UMS; the base density for a diffusive equilibrium model of the plasmasphere was selected to give a best fit to the inner-zone precipitation data; and, the H>/O + ratio was set at a nominal 90%/10% at a temperature of 1600 OK (following Koons et al [1981] ).
The L values selected are ..
those which are representative of the center of the precipitation peaks in the 235 keV channel. The index of refraction and wave normal angle were determined using a wave-tracing procedure based on the work of Burtis [1973] as modified by Edgar [1976] and Thomson [1976] . The Thomson modification is a provision for varying the latitude at which the light ion and heavy ion densities are equal. The modification, called the Transition Level Gradient (TLG) model, provided a better fit to the data of ISIS II than the original Burtis codes as modified by Edgar. The base density for a diffusive-equilibrium model of the ionosphere /pl asmasphere was selected on the basis of a best fit to the 235 keV channel data at L=1.66. The selected equatorial pitch angle of the electron is that which just permits a particle to survive drift through the South Atlantic Anomaly. This value was selected on the basis that it requires the minimal change in pitch angle (and energy loss) to precipitate it into the bounce or drift loss cone.
*
The resonance calculation is not completely consistent in-* ternally, since the ray-tracing codes used a dipole field model while the resonance calculation followed the field line using the same field model as was used in the drift-rate and longitude-oforigin studies: DGRF 1975 [IAGA, 1981] , Epoch 1976. The ray tracing procedure assumed that waves were injected vertically, giving an initial wave-normal angle equal to the local dip-angle of the field line. The waves did not follow the field line, but a series of traces at slightly different latitudes (plus or minus a few F-igure 7 shows that first order resonance conditions for electrons of the energy (-300 KeV) and L-value (2.28) of Fig. 4 are obtained in the vicinity of 5000 km, well away from the equator. For resonance to occur near the equator with the particles observed by the S3-3 at this L-value, transmitter frequencies below 2000 Hz would be required, well below operational VLF transmitter frequencies. For resonance to occur at the equator with the appropriate frequency (UMS) and electron energy, the initial pitch angle would have to be large (which leads to an unrealistically large initial energy and energy loss). For L=4.48, Fig. 7 shows that resonance with the observed energies can occur in the vicinity of 6000 km.
* -The
equatorial region is usually selected as the location of a possible wave-particle interaction region on the basis that the resonance conditions remain relatively constant for a greater distance along the field line there than elsewhere, since B .-0 (which determines the local cold electron gyrofrequency) and Ne are relatively constant there and a and e change more slowly there. The L=1.66 curve in Fig. 7 indicates that for a small region around the equator, the resonant energy decreases slightly as the particle goes away from the equator, enabling the particle to stay in resonance as it loses energy. Evaluation of precipita-UH tion events in the inner zone (Koons et al [1981] ) indicated that the resonance region was near-equatorial. This is also true of low energy electron precipitation in the lower portion of the slot [Imhof et al, 1983] (which may have been just a continuation of the inner-zone precipitation, extending to very low energy and therefore up to slot altitudes). But, for energetic electron precipitation in the central portion of the slot, E>200 keY, L-2.3, resonance conditions can be met at the equator only for a high order resonance or unrealistic conditions. However, examination of the resonance conditions shows that an electron going down the field line may continue in resonance as long as the rate at which it is losing energy (which decreases a and P) just balances the * changes in 0, which decreases, and . and o both of which in-,%% crease at lower position on the field line. Since the potential well of the wave may also be converting transverse energy to parallel energy elastically, the picture can become quite complicated. A thorough discussion of this point is beyond the scope of this paper, but the observation of a Siple Station VLF transmission being amplified prior to its first passage through the equatorial region (Inan et al, 1977] can be taken as evidence that off-equatorial wave-particle resonant interactions do occur.
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DISCUSSION and SUMMARY
Drift-rate analysis of electrons observed in the drift loss cone, coupled with the operating sequence of the VLF transmitter UMS, explains the detailed electron observations as a function of energy for several different L-shells. Additionally, the pitchangle distributions which are observed are consistent with those that would be produced if the electrons had been precipitated in the vicinity of UMS. The combination of pitch-angle and energy -. observations are consistent in every detail with a scenario in which UMS precipitated electrons over a wide energy range in several different L-shells, including the outer zone.
.-
A number of questions remain: a) Why has precipitation of outer-zone electrons by VLF transmitters not been observed previ-.
ously? b) Why does the precipitation at a given energy occur at discrete L-values instead of being a continuum over the slot and outer zone? Is this related to the plasmaspheric structure? c) 0 How important is the precipitation of electrons by VLF stations in the outer zone and, more importantly, in the morphology of the magnetospheric particle population? Is it the primary controlling factor?
The first of these questions may have the simplest answer: Outer zone precipitation of electrons by ground-based VLF transmitters may not have been observed previously because almost no one has looked for it. The SEEP experiment (Imhof et al [1983] ) attempted to observe outer zone precipitation and was unsuccessful. (The reason for this lack of success might be because NAA does not precipitate outer zone electrons as does UMS or it might be due to a lack of sufficient intensity in precipitated outer zone electrons during that campaign to be observed by the SEEP experiment. In the S3-3 data set, only 7% of the orbits had outer zone precipitations which were thought to be due to VLF transmitters.) in the outer zone, a number of other processes precipitate electrons. During magnetic storms, intense precipitation at all * energies is observed at high latitudes. During minor disturbances, the outer edge of the outer zone, as observed by low altitude satellites, moves in and out significantly due to relatively low altitude processes [Vampola, 1977b] . In order to establish that a given precipitation event is due to a specific VLF transmitter, a lengthy pitch-angle distribution analysis must be performed which is not easily automated because it must identify the structure as being in the drift loss cone, as having a distribution that is narrower than the local loss cone, and as Most electron spectrometers flown on satellites do not cbt ai comp!ete pitch angle distributions. For measurements made at hicher altitudes in the stable trapping region, high angular definition is required in order to utilize the trace-back technique. Even with an appropriate data set, without the suspicion that a given precipitation event had as its source a VLF transmission, the extensive analysis required to establish it as such would not be done. The present analysis is the result of a survey of data looking for slot precipitation events due to UMS. In the course of the survey, it became evident that outer zone precipitation in the few-hundred keV range was frequently related to the presence or absence of an energy-dependent slot peak. Furthermore, the outer zone peak, while not appearing to be L-dependent, exhibited strange energy behavior (occasionally low energy electrons were not observed and in some events the 433 keV channel had much higher fluxes than the 235 keY channel).
The second question is more difficult to answer. The ray-* •tracing "exercises" were instructive and offer several possible answers. Frst, under some conditions of injection latitude, injection angle, and plasmaspheric configuration, the waves follow the field line quite closely for a significant distance and provide a large path-length and interaction time with coherent conditions and very slow change in resonant energy which may enhance scattering for low signal levels. Perhaps waves must be injected wit. scecific latitude and plasmaspheric conditions to produce precipitation. Then injection of waves at various latitudes would " be responsible for the several L-regions of precipitation. A sec-,nd observation was that waves injected at several latitudes may all pass throuch the same region of the magnetosphere, a "focusing" effect, which could provide constructive interference to enhance the wave-field levels at those points. Perhaps precipitation occurs on discrete L-shells due to discrete regions of constructive interference. The loci at which the several ray paths intersect are at high latitude well away from the equator. Another possibility is that waves amplified by interacting with * electrons at low L (e.g., inner zone, equator) are later reflected at high latitude and travel back upward toward the equatcr to again interact with electrons on a higher L-shell (but not necessarily near the equator). These waves could be again amplifi ed, again reflected, and again interact with electrons on a yet higher L-shell. Assuming sufficient reflection (the product of 0.
anlification and reflectivity being greater than unity), the interaction could be between upward-going waves and downward-going .articles, as assumed for the earlier discussion, or with upward---trave°no articles and downward-going waves, in either hemi-
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[O sphere. Thus the pattern of precipitation in L could be due to the specifics of magnetospheric wave propagation from a single injection point or multiple injection points. Inhomogeneities in the ionosphere and plasmasphere could play a crucial role. Finally, it may be possible that electrons are indeed precipitated throughout the magnetosphere above L=2 but their appearance in the drift loss cone is dependent on the intensity at higher alti-* tucdes. Further investigations along this line are planned but the present ray-tracing codes will have to be integrated with real magnetic field models and in-situ measurements of electron density profiles in order to provide reliable numerical results.
The last question, how important is the precipitation of outer-zone electrons by VLF stations, is probably answerable by a number of means: 1. Turn off all VLF stations for a few months and observe the behavior of the energetic electrons in the magnetosphere. (Use only satellites for navigation and communication during that period.) This method has the disadvantage that if the VLF transmitters are crucial in determining the structure of the electron belts, the inner zone could become extremely hazardous to satellites through a build-up of relativistic electrons dif-*fusing inward from the outer zone. 2. Do an inventory of electrons in the drift and bounce loss cones to determine where they left the stable trapping region. (Previous studies have tended to look for the longitude at which the drifting electrons would enter the atmosphere, since that is a nuch more easily determined parameter.) This is a large undertaking, but would not require the cooperation of the various nations operating high-powered VLF transmitters and would not be potentially hazardous. 3. Make simultaneous measurements of high altitude and drift shell electron fluxes during a magnetically quiet period and attempt to determine the lifetime of electrons due to removal by VLF transmission precipitation and compare those lifetimes to radial diffusion coefficients determined from the same data set. This study would require a dense data set, probably obtained simultaneously by several satellites. ke rophcs Ic s Lahloratory . Launch veh ic le and reent ry t ui d met hanic-s , beat t ransTer and t tlight dvnami cs; chemical and electric propulsion, propellIan t chemi st r Y, chem icl AdyInami cs , environmental chemistry, trace detection; spaerAtft s t ri-t iiralI mechban ic s, con tamina t ion , t hermalI and strroc t uralI c-it:r I , high temperat ore thermomechanics , gas kinet Ics and radlIit Iin cw and poilsed chemical and escimer laser developmenit including chemical kinetics, pe,: t roscopy opt i cal resonators ,beam cont ro I , atmospheric propagir ion, lIe ettects and countermeasures.
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